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We report an inelastic x-ray scattering investigation of phonons in FeSe superconductor. Com-
paring the experimental phonon dispersion with density functional theory (DFT) calculations in the
non-magnetic state, we found a significant disagreement between them. Improved overall agreement
was obtained by allowing for spin-polarization in the DFT calculations, despite the absence of mag-
netic order in the experiment. This calculation gives a realistic approximation, at DFT level, of the
disordered paramagnetic state of FeSe, in which strong spin fluctuations are present.
I. INTRODUCTION
The surprising discovery of high-Tc superconductivity
in iron-based superconductors (FeSCs)[1] has marked the
beginning of a new era in superconductivity research.
Many of the properties in FeSCs arise from a coupling
of spin, orbital and lattice degrees of freedom. In partic-
ular, the interplay of structure and magnetism, often re-
ferred to as magneto-elastic coupling, is one of the most
engaging topics in the study of FeSCs, as it is increas-
ingly recognized that these two degrees of freedom sig-
nificantly impact each other. The early evidence of this
relationship was the observation of the collapsed tetrago-
nal phases[2], in which the Fe-magnetism has been shown
to have a significant impact on the crystal structure. Sub-
sequently, after it was demonstrated that phonon calcu-
lations without magnetic order failed to match the mea-
sured dispersion[3], similar phenomena have also been ob-
served in phonon dispersion measurements of FeSCs[4–6].
More recently, we have demonstrated that the presence
of the stripe-type antiferromagnetic (AFM) order lifts
the degeneracy of phonon frequencies, which results in
a symmetry-breaking modification of the overall phonon
structure[7]. These results highlight the unprecedented
sensitivity of the lattice dynamics to the underlying mag-
netic structure.
So far, while the phonon measurements and calcula-
tions in FeSCs have been performed with an emphasis
on the role of the static long-range magnetic order, those
in the paramagnetic phase remain relatively unexplored.
Indeed, the effects of melting magnetic order with tem-
perature, and the impact of the resulting disordered mag-
netism on phonons were reported only recently[7]. It is
therefore of particular interest to investigate the lattice
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dynamics of the disordered paramagnetic state, in which
the static magnetic order is replaced by local spin fluc-
tuations.
FeSe, the structurally simplest FeSCs, provides an ex-
cellent platform for studying such issues, because, in
contrast with the other FeSCs, no static magnetic or-
der occurs down to the lowest temperature[8]. Here we
report the results of meV-resolved inelastic x-ray scat-
tering (IXS) measurements on FeSe superconductor. We
found that the experimental phonon dispersion of FeSe
deviates significantly from the prediction of density func-
tional theory (DFT) calculations in the non-magnetic
(NM) state. A better overall agreement is obtained by
allowing for full spin-polarization in the DFT calcula-
tions, despite the absence of magnetic order at ambient
pressure. The present results show that the inclusion of
magnetism within DFT is crucial to reproduce the lattice
dynamics of the disordered paramagnetic state located
near the magnetic instability.
II. EXPERIMENTAL AND COMPUTATIONAL
DETAILS
Single crystals of FeSe were grown by a chemical vapor
transport method similar to that described in Ref.[9]. Fe
and Se powders with a molar ratio of 1.2:1 were sealed in
an evacuated quartz tube together with a eutectic mix-
ture of KCl and AlCl3 as a transport agent. The quartz
tube was placed in a tilted tube furnace and heated at
350 ◦C and 390 ◦C for the sealed and the other end, re-
spectively. After 20-30 days, millimeter-sized single crys-
tals were obtained in the cold end. Upon cooling, FeSe
exhibits a structural phase transition from a tetragonal
(P4/nmm) to an orthorhombic (Cmma) crystal symme-
try at Ts ∼ 90 K. (The crystal structure of FeSe and its
unit cell conventions are schematically displayed in Fig.
1.) Throughout this paper, we define the momentum
2FIG. 1. (Color online) Crystal structure and unit cell con-
ventions of FeSe. (a) Crystal structure of FeSe in the tetrag-
onal phase (P4/nmm). (b) Top view of the crystal struc-
ture. Dashed blue and red squares indicate the tetragonal
and orthorhombic unit cells, respectively. The tetragonal
lattice parameters are related to the orthorhombic one by
a0 ∼ b0 =
√
2aT. The blue and red arrows indicate the
directions of tetragonal and orthorhombic lattice vectors, re-
spectively. The crystal structures were visualized using the
vesta software[14].
transfer Q = Ha∗+Kb∗+Lc∗ ≡ (H,K,L) in reciprocal
lattice units (r.l.u.) by using the tetragonal unit cell.
High-resolution IXS measurements of FeSe were per-
formed at BL43LXU[10, 11] of the SPring-8 in Japan. An
incident x-ray energy of 21.747 keV, which corresponds
to Si(11 11 11) reflection, gives an energy resolution of
about 1.5 meV, depending on the analyzer crystals. The
use of a two-dimensional (2D) analyzer array allowed for
the parallelization of data collection in a 2D section of
momentum space[11, 12]. To extract the phonon disper-
sion of FeSe, IXS spectra were fitted to the sum of a
resolution-limited elastic peak and several damped har-
monic oscillators for the phonon modes convoluted with
the experimentally determined resolution functions. The
best fit parameters and their errors were obtained using
the minuit minimization code[13] in the CERN program
library.
To understand the lattice dynamics of FeSe, we
performed first-principles phonon calculations using the
density-functional perturbation theory (DFPT)[15], as
implemented in quantum espresso code [16, 17]. In
all calculations, the exchange correlation functional was
treated within the generalized gradient approximation
(GGA) using the Perdew-Burke-Ernzerhof parameteriza-
tion for solids (PBEsol)[18]. We used an ultrasoft pseu-
dopotentials from pslibrary[19] with cutoffs of 90 and
1080 Ry for the expansion of the wave functions and
charge densities, respectively. We also performed the cal-
culation by setting these cutoffs to 100 Ry and 1200 Ry
to check the convergence of phonon frequencies with re-
spect to the number of plane waves. The Brillouin zone
integration was performed over a 12 × 12 × 12 k mesh
with a smearing of 0.01 Ry. The lattice parameters were
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FIG. 2. (Color online) Momentum dependence of the IXS
spectra along the [1 0 0] direction in the (4, 0, 0) Brillouin
zone. Data were collected at 150 K. The experimental data
(circles) are shown together with the best fits to the data
(solid lines).
fixed to the experimental values[20] and the internal pa-
rameter (i.e., the Se position) was optimized. Dynamical
matrices were calculated on 4× 4× 4 uniform grids in q
space, which were then interpolated to determine the full
phonon dispersion. All calculations were performed for
both NM and AFM states. In the former case, the oc-
cupation numbers of spin-up and spin-down Fe-3d states
are forced to be equal (i.e., the magnetic moment is con-
strained to be zero), while those in the latter are allowed
to vary independently (i.e., the Fe atoms are allowed to
have a nonzero magnetic moment corresponding to the
minimum in total energy).
III. RESULTS AND DISCUSSION
Figure 2 shows representative IXS spectra of FeSe
along the [1 0 0] direction. Overall, no obvious anomalies
in the phonon modes (such as large linewidth or anoma-
lous dispersion) were found. The same conclusions can
also be obtained from the IXS scans along other high
symmetry directions. Conversely, as we will show below,
there is a significant disagreement between the measured
and the calculated phonon dispersion.
Figures 3 (a)-(c) show the observed phonon dispersions
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FIG. 3. (Color online) Comparison of the measured phonon dispersion for FeSe and DFPT calculations in the NM ((a)-(c))
and the AFM ((d)-(f)) cases. The markers are experimental data extracted from fits to the IXS spectra at 150 K. To facilitate
the comparison between theory and experiment, the dynamical structure factor, S(Q, ω), is weighted on the calculated phonon
dispersion curves. Arrows in Fig. 3 (a) are guides to the eyes showing the discrepancy between the experimental and calculated
optical branches.
(cyan circles) and their comparison with DFT calcula-
tions in the NM state [21]. To facilitate the comparison
between theory and experiment, the dynamical struc-
ture factor, S(Q, ω)[11, 22], is weighted on the DFT-
calculated dispersion curves. The DFT calculations are
reasonably consistent with the acoustic branches; how-
ever, in most parts of the Brillouin zone investigated,
they fail to reproduce the optical branches (see arrows in
Fig. 3 (a)). Overall, the experimental optical modes are
much softer (about 5 meV) than those calculated. Simi-
lar behaviors have been found in other FeSCs[3–7, 11].
In general, DFT calculations are remarkably success-
ful in predicting some of the relevant properties of a wide
range of FeSCs, such as the Fermi surface topology[23–25]
and the stable magnetic structure[26, 27]. However, it is
well known that they fail to reproduce the correct struc-
tural [28] and vibrational[3] properties of FeSCs. This
limitation is mainly due to the presence of local magnetic
moments in the paramagnetic state, which have a signif-
icant impact on structural properties. The importance
of this effect was suggested early on in Ref. [28], but
the first-principles treatment of the disordered paramag-
netic state remains computationally challenging[29]. At
ambient pressure, FeSe does not order magnetically, but,
as in the case of other FeSCs, the stripe-type AFM spin
fluctuations are clearly observed at finite energy transfers
[30–34]. The failure of the non-magnetic DFT approach
is, therefore, not surprising considering the importance
of dynamically fluctuating spin correlations in FeSe. A
relatively simple way to account for such an effect is to
use spin-polarized DFT calculations. One should, how-
ever, note that this approach assumes some sort of static
4TABLE I. Chalcogen position parameter zse for FeSe com-
puted by the non-magnetic DFT (DFT-NM) and the spin-
polarized DFT in the AFM state (DFT-AFM). Here, the
Se positions were optimized while keeping lattice parame-
ters fixed to those experimentally determined[20]. Note that
while the optimized values of zse are sensitive to the choice
of exchange-correlation functional and pseudopotential, the
structural optimization with magnetism generally agrees bet-
ter with the experiment.
Exp[20]. DFT-NM DFT-AFM
zse 0.267 0.235 0.251
magnetic order, so the effect of magnetism is computed
only on the static DFT level. Nevertheless, as detailed
below, spin-polarized DFT calculations give a reasonable
approximation to the structural properties in the disor-
dered paramagnetic phase.
To highlight the sensitivity of the structural proper-
ties to magnetism, we summarize in Table I the results
of the calculated Se position z Se with and without the
AFM order. For the spin configuration of the AFM
state, we consider the stripe pattern, in which spins are
aligned (anti)ferromagnetically along the tetragonal [1 1
0] ([1 1 0]) directions. The inclusion of the magnetism
within spin-polarized DFT has a significant effect on z Se,
which improves the agreement with experiment. As a re-
lated point, we note that an orthorhombic structure of
FeSe quantitatively consistent with the experiment can
only be obtained when structurally optimized in magnet-
ically ordered states[35].
Interestingly, similar improvements can also be seen
in phonon dispersions. In Figs. 3 (d) - (f), the exper-
imental phonon data are compared with spin-polarized
DFPT phonon calculations[36]. The inclusion of mag-
netism clearly results in a frequency shift of some modes
and brings them into much better agreement with the
experimental data. The AFM order has the biggest ef-
fect on high-energy optical branches, with lower energy
acoustic branches relatively unaffected. These results
are reminiscent of other FeSCs, in which lattice dynam-
ics properties are very sensitive to the underlying mag-
netic state[4–7, 11]. One should note that phonon cal-
culations are usually preformed for the DFT-optimized
structure, and thus the resulting phonon dispersion is af-
fected not only by the magnetic ground state but also by
the structural details. To distinguish these two effects,
we performed the non-magnetic DFPT phonon calcula-
tion using the crystal structure optimized in the AFM
state. This calculation slightly improves consistency with
the experiments, but not so much as the spin-polarized
DFPT calculation. (see VI. Appendix for details.) The
improved agreement shown in Figs. 3 (d) -(f) is, there-
fore, mainly due to the effect of magnetism.
In general, the presence of the stripe-type AFM or-
der lifts the degeneracy of the phonon bands between
[1 1 0] and [1 1 0] directions, which results in a small
splitting of phonon modes. In the present work, how-
ever, no phonon splitting, indicative of the AFM order,
was observed. This result is reasonable in the paramag-
netic state, in which spin fluctuations can be assumed to
be fast and the resulting phonon response becomes the
average of that in the magnetically-ordered state. Mean-
while if the magnetic order is stabilized, for example, by
pressure[37–40], the mode splitting is expected to emerge
as in the case of the 122-type FeSCs[7].
Our results thus demonstrate that the inclusion of
magnetism is crucial to describe the structural proper-
ties of the paramagnetic phase in proximity to the mag-
netic instability. In relation to this, there has been
increasing evidence that lattice dynamics properties of
some materials, such as elemental iron above the Curie
temperature[41] and iron silicide[42], also exhibit a strong
sensitivity to the fluctuating local moments existing in
the paramagnetic state. In the present work, the effects
of magnetism are treated at the static DFT level, and
the inclusion of dynamical spin correlations is highly de-
sirable for a more realistic description of the structural
properties. An attempt in this direction has recently
been made in Ref. [43] by combining DFT with dynam-
ical mean field theory (DFT+DMFT).
The phase diagram of FeSe is quite distinct from that
of all other known FeSCs because its orthorhombic dis-
tortion is not accompanied by magnetic order[8]. The
existence of the phase with decoupled lattice and spin
degrees of freedom in FeSe has been interpreted as im-
plying the importance of orbital ordering, particularly,
in the context of nematicity. In contrast, our analysis
reveals that the structural properties of FeSe are inti-
mately coupled to the Fe-spin state via fluctuating local
moments in the paramagnetic state. Such a dynamical
aspect of magneto-elastic coupling has also been observed
in other FeSCs[5–7]. Hence, as far as the structural prop-
erties are concerned, the physics of FeSe is more similar
to that of other typical FeSCs than hitherto expected.
We close the paper with some remarks on possible
directions of future work. In general, the presence of
magnetism not only renormalizes the phonon frequen-
cies, but also enhances the electron-phonon (e-ph) cou-
pling constant[44–46]. This enhancement is still not large
enough to explain high-Tc superconductivity in FeSCs,
but is not negligibly small[44]. In this regard, it is
interesting to note that the e-ph properties of FeSe,
which match the pressure dependence of Tc, can only
be accounted for by including local spin fluctuations
in the DFT+DMFT approach[47], indicating the pos-
sible interplay between magnetism and e-ph coupling.
So far, the experimental verification of the enhanced
e-ph coupling strength has been reported for only one
particular phonon mode[48]. The full momentum- and
mode-resolved determination of the e-ph coupling de-
mands considerable efforts combining the experimental
and computational methods. This is an interesting topic
for future IXS investigations on FeSCs.
5IV. SUMMARY
To summarize, we performed a combined IXS and
first-principles investigation of lattice dynamics proper-
ties in FeSe superconductor. We modeled the experi-
mental phonon dispersion by imposing the AFM order
within DFT that can be attributed to the effect of fluc-
tuating local moments. Our analysis shows that, similar
to typical FeSCs, the structural properties of FeSe are in-
timately coupled to the Fe-spin states. Such a magneto-
elastic coupling is a common feature that links together
the various families of FeSCs.
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VI. APPENDIX: STRUCTURAL VS
MAGNETIC CONTRIBUTIONS TO THE
PHONON DISPERSION
Phonon calculations presented in the main text were
performed using the DFT-optimized crystal structure,
and thus the resulting phonon dispersion is affected not
only by the magnetic ground state but also by the struc-
tural details. To disentangle the structural and magnetic
contributions to the phonon dispersion, we performed the
non-magnetic DFPT calculation using the value of z Se op-
timized in the AFM state. As can be seen in Figs. 4 (a)
and (b), this calculation gives better overall agreement
with the experiment than that obtained by using z Se op-
timized in the NM state. This improvement is due to a
better description of z Se in the spin-polarized DFT cal-
culation. Further improvement can be obtained by using
the experimental z Se (see Fig. 4 (c)). There are, how-
ever, still some discrepancies between the calculated and
measured phonon dispersion. A good quantitative de-
scription of the experimental data can only be achieved
by imposing the AFM order in the DFT calculation. (see
Fig. 4 (d)). Therefore, the structural parameters alone
are not sufficient for the description of the experimen-
tal phonon dispersion of FeSe, and the inclusion of mag-
netism is crucial.
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FIG. 4. (Color online) Comparison of the measured phonon dispersion for FeSe and DFPT calculations in the NM ((a)-(c))
and the AFM (d) states. To understand the structural effects on phonon, non-magnetic DFPT calculations ((a)-(c)) were
performed using different values of zSe. In (a) and (b), phonon calculations were performed using the values of zSe optimized
in the NM and AFM states, respectively, whereas in (c), phonon calculation was performed using the experimental zSe without
structural optimization.
